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1.0 EXECUTIVE SUMMARY

A pilot-scale permeablereactive barrier wasingtaled at Moffett Field in April 1996 and its performance
was monitored over thefollowing 16 monthson aquarterly basis. The detailsof thisstudy are described
in atechnology evaluation report (Battelle, 1998). This document provides a brief account of the
technology evauation. The objective wasto capture and treat asmall portion of the West Side Plume that
containschlorinated volatileorganic compound (CV OC) contaminants, primarily trichloroethene (TCE),
cis-1,2-dichloroethene (cis-1,2-DCE), and perchloroethene (PCE). The reactive cell in the
funnel-and-gate type barrier is composed of granular zero-valent iron, a strong reducing agent. The
flowthrough thickness of thereactive cell is6 ft and it islined on either side by 2 ft of peagravel. The
reactive cell and peagravel comprisethe gate, whichis 10 ft-long and isflanked on each side by 20-foot
long funnel walls.

The lowering of groundwater redox potentia (Eh) and dissolved oxygen (DO), and the presence of
nonchlorinated hydrocarbon products in the reactive cell, indicated conditions conducive to abiotic
reductive dechlorination. Over the 16-month period after construction, the barrier consistently reduced
groundwater concentrationsof TCE, PCE, cis-1,2-DCE, and vinyl chlorideto well below their respective
maximum contaminant levels (MCLSs) or to non-detect levels, which were the design criteria or
performance godsfor thebarrier. Therangeof degradation haf-lives of these compounds observedinthe
fidd system conformed well with the half-lives predicted during bench-scde column tests. Thereactive cel
did not contribute any significant levels of dissolved iron to the groundwater and the water exiting the cell
contained below 0.3 mg/L of iron, the secondary drinking water standard.

Water levels, adown-hole groundwater velocity meter, and tracer tests were used to eva uate the hydraulic
flow characterigtics of the barrier. The hydraulic capture zone of the barrier appearsto be about 30 feet
wide and extends about midway a ong each funnel wing. Thiscapture zone estimate was based on the
estimated groundweter velocity, porosities, and dimensions of thereactive cell and aquifer. The estimated
groundwater velocity in thereactive cell ranges between 0.2 to 2 feet/day, providing aminimum residence
timeof 3 daysinthereactive medium; thedesign requirement for contaminant degradationto desired levels
was 2 days. Theflow through the aquifer and the gate is heterogeneous and there appears to be more flow
through the deeper portions of the reactive cell than in the shallower portions.

The geochemical eva uation included andysisof inorganic parametersin the barrier and itsvicinity, aswell
asanalysisof core samples of theiron collected at the end of 16 months of operation. Cacium andiron
compounds precipitated out of solution during flow through thereective cell. However, theactua cacium
precipitate mass found on the iron cores was much lower than the loss of dissolved calcium in the
groundwater flowing throughthereactivecell. Thismay indicatethat not al the precipitatesformed stay
inthe gate; colloidal-szed precipitates could be flowing out with the groundwater. The hydraulic gradient
across the flowthrough thickness of the gate remained relatively consistent through the 16 months of
operation. Therewere no indications during the 16 months of operation of any declinein the reactivity or
hydraulic performance of thebarrier. Futurereactiveand hydraulic performance of thebarrier isdifficult
to predict.



Thebarrier operated unattended and without maintenance after construction. Aslong asthereactiveand
hydraulic performance of the barrier holds, the only recurring cost expected isfor compliance monitoring.

If the barrier retainsits performance over approximately 6 years, the cost evauation indicatesthat it will
be more cost-effective than a groundwater pump-and-treat system.



2.0 TECHNOLOGY DESCRIPTION

A permesablereactive barrier initssmplest form can be visualized asatrench filled with porousreactive
materia, placed inthe path of agroundwater plume (Figure 2.1 aand b) (Gavaskar et d., 1998; Gillham,
1996). Asthe plume passes through the reactive material, the target contaminants are degraded to
potentialy nontoxic compounds. Severd variationsof thissimple configuration are possible depending on
individua ste characterigtics (Figure 2.1 athrough d). One common variation shown in Figure 2.1cisthe
funnd-and-gate system, which combines permesabl e (gate) and impermesble (funndl) sectionsof thebarrier
to captureincreased flow and better distribute the contaminant | oading on thereactive medium. Multiple
gates can be used for wider plumes. A smplegate could consst of areactive cdl or trench filled with the
reactive medium (e.g., granular iron). The gate also could be divided into areactive cell and other
components. For example, peagravel sectionscould beinstalled aong the upgradient and downgradient
edges of the reactive cell to improve porosity and mixing of the influent and effluent through the gate.

2.1 TECHNOLOGY BACKGROUND

Permeable reactive barriers have emerged over the last 5 years as a promising alternative to
pump-and-treat systems for treating dissolved groundwater contamination. The main advantage of a
reactive barrier isthe passive nature of thetreatment. That is, for the most part, its operation does not
depend on any external labor or energy input. Onceinstalled, the barrier takes advantage of thein-situ
groundwater flow to bring the contaminantsin contact with thereactive material. A passivetreatment
sysemisespecidly desirablefor contaminants such as chlorinated solvents, wherethe plumeislikely to
perss for severd decadesor hundreds of years. Considerableresearch (15field pilot testsand 5 full-scale
applications) has been conducted over the last 5 years to demonstrate variations of this technology.

The reactive materid used in the barrier may vary depending on the type of contaminants being treated.
Themost common reactive medium used so far has been granular zero-valent iron, the use of whichwas
patented by the University of Waterloo, Ontario (Gillham, 1993). Other reactive materials, such as
bimetals and magnesium dioxide, are also being researched by the scientific community.

2.2 THEORY OF OPERATION AND LIMITATIONS

Zero-vaent ironisastrong reducing agent that can abiotical ly reduce dissolved contaminants, such as PCE,
TCE, and other chlorinated solvents.

3Fe® % C,HCI, % 3H" ¥ 3Fe®* % C,H, % 3CI* 1)

Ethene and ethane are the main products of TCE degradation. However, indications are that these final
reaction products are generated through multiple pathways. By the hydrogenolysis pathway, TCE
degradesto cis-1,2-DCE, whichin turn degradesto vinyl chloride. Both cis-1,2-DCE and vinyl chloride
arefairly persstent under the reducing conditions of the iron medium and degrade to ethene and ethane
moredowly than TCE or PCE. Fortunately, only 5% or less of TCE appearstotakethispathway. Most



of the TCE gppearsto degrade to etheneand ethane by the beta-dimination pathway (Robertset d., 1996)
through the formation of intermediates such as acetylene. Theseintermediates are short-lived and quickly
degradeto ethene and ethane. Other contaminants such as dissolved chromium and uranium, which are
amenableto reduction by iron, also can betreated by precipitating them out of the groundwater. Some
CVOCs, such as 1,1-dichloroethane (DCA), may be relatively recalcitrant to degradation by iron.

23 TECHNOLOGY SPECIFICATIONS

Thetechnology performance specificationsfor the permeabl ereactive barrier technology usualy involve
the following:

. Treating the contaminants in the captured groundwater to below their respective maximum
contaminant levels (MCLYS), drinking water standards, or to arisk-based alternative level.

. Ensuring that the interaction between the barrier materials and the ground-water congtituents does
not cause environmentally deleterious materials to be released in the downgradient aquifer.

. Achieving the desired hydraulic capture efficiency.
. Ensuring that the barrier retains its reactivity and hydraulic capture efficiency in the long term.

. Ensuring that the barrier represents a cost-effective option for the treatment of the targeted
contamination at the site.

Being a passive technology, ease of operation isthe main advantage of the permeable barrier. Oncethe
barrier isingtalled, operator involvement islimited to therd atively infrequent monitoring required to ensure
that the barrier is performing as designed. Any maintenance required also is likely to be relatively
infrequent, judging by the performance of the Moffett Field barrier so far.
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Figure 2.1. Schematic Illustrations of Some Permeable Barrier
Configurations (Gavaskar et al., 1998)
2.4 KEY DESIGN STEPS

Figure 2.2 shows the steps in the design of a permeable reactive barrier. These steps involve the
determination of the following:

. Site characteristics affecting barrier design

. Reaction rates or half-lives (through column testing)

. Location, configuration, and dimensions of the barrier (through hydrogeologic modeling)
. Longevity (through a geochemical evaluation)

. Emplacement options

. Cost

Some of the design steps are interrelated. Adequate Site characterization provides the contaminant
digtribution and hydrogeol ogic parametersrequired for designing thelocation, configuration, and dimensions



of the barrier. Column tests may be used to determine the reaction rates of the contaminants, which are
then used to determine the residencetime or contact time required, whichin turn isused (along with the
groundwater vel ocity determined during Sitecharacterization) to determinethethicknessof thereactivecel.
Thewidth of the reactive cell or gate depends upon the rel ative permeabilities of the aguifer and reactive
medium, aswell asthewidth of the plumetargeted for capture. Thedepth of the barrier isdetermined by
the depth of the aquitard. In most cases, especialy for chlorinated solvent contamination, the barrier is
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Figure 2.2.  Steps in the Design of a Permeable Barrier System

expected to be keyed into the aquitard. Hanging barriers (those completed to adepth above the aquitard)
have been proposed but they may be more suitable for plumes emanating from light, nonaqueous-phase
liguid (LNAPL), rather than dense, nonaqueous-phase liquid (DNAPL) sources.

Evaluation of the inorganic constituents of the site groundwater provides an indication of the barrier's

expected longevity and of the safety factorsthat may be required in the barrier dimensionsto account for
eventual declinein performance.

2.5 MOBILIZATION, CONSTRUCTION, AND OPERATION

Oncethelocation, configuration, and dimengonsof thebarrier havebeen designed, aqudified geotechnica
contractor is hired to construct the barrier. Most qualified geotechnical contractors have standard
construction equipment (such asabackhoe, crane, vibratory hammer, front-end loader, etc.) that can be
used for the job. Generally, at least 6 weeks are required for mobilization, including 4 to 5 weeks for



readying the equipment and transporting it to the site. Once at the site, the equipment can be set up
relatively quickly and construction usualy startswithinaweek. Mot of the equipment canbeset upina
50- by 50-foot areathat hasno overhead utilities. Theiron or other reactive medium hasto be purchased
and transported to the siteaswell. Theironisgeneraly soldin 3,000-pound waterproof bagsandisina
form ready to beingtalled. Monitoring wellswithin the barrier are installed during barrier construction.
Monitoring wells in the surrounding aguifer can be installed at any time with standard well drilling
equipment. Oncethebarrier isinstalled and the ground surface has been restored, the barrier operateson
itsown using the natura groundwater flow to bring the contaminantsin contact with the reactive medium.

2.6 ADVANTAGES AND LIMITATIONS OF PERMEABLE BARRIERS

The permeabl e barrier technology has five main advantages over conventional pump-and-treat systems:

It is passive in nature (no external energy is consumed).

It hasthe potentia for treating dissolved chlorinated solventsin agroundwater plumeto very low
levels.

. No aboveground structures are required, making the property suitable for reuse.

. No hazardous waste byproducts requiring disposa are generated, and discharge of treated effluent
is not needed. At many sites, soil excavated during barrier construction contains low
concentrations of contaminants and is handled in the same fashion as construction debris.
However, this should be verified at each site.

. It has potential for long-term unattended operation.

Permeable barrier application may be limited by the following considerations:

. Presence of aboveground or underground building structuresat the desired barrier |ocation could
present difficultiesin construction.

. Deeper plumes may be inaccessible or expensive to remediate with permeable barriers based on
currently available commercial emplacement techniques.

. Presence and properties of an aguitard into which the barrier can be keyed.

. Extremely low or high groundwater vel ocities may lead to difficultiesin groundwater capture or
barrier sizing and cost.
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3.0 DEMONSTRATION DESIGN

This section describesthe strategy and planning leading to the construction of the pilot barrier at Moffett
Field and the subsequent performance evaluation.

3.1 DEMONSTRATION SITE/FACILITY BACKGROUND

Aspart of theIngtallation Restoration Program (IRP), the U.S. Navy has been identifying and evaluating
past hazardous waste sites at the former Naval Air Station, Moffett Field (now referred to as Moffett
Federal Airfield) in an effort to control the spread of contamination from these Sites. Moffett Field, asit
is still commonly called, islocated in Mountain View, California. Moffett Field appeared on the
Superfund's Nationa PrioritiesList (NPL) in June 1987. Asaresult, the RI/FS process wasinitiated as
required by the Comprehensive Environ-mental Response, Compensation, and Liability Act (CERCLA).

Severd investigationsat Moffett Field haveidentified extensive groundwater contamination by chlorinated
solvents. The contaminants of concern are TCE; cis-1,2-DCE; PCE; 1,1-DCE; and 1,1-DCA.
Remediation of groundwater contaminated with chlorinated volatile organic compounds (CV OCs) by
pump-and-treat systemsisdifficult, costly, and generally ineffective. NFESC and the U.S. Navy's EFA
West are therefore investigating aternative technol ogies that have potentia technical and cost advantages
over conventiona pump-and-treat systems. The permeablebarrier technology hasbeenidentified by the
U.S. Environmental Protection Agency (U.S. EPA, 1995) as an emerging technology for cleanup of
groundwater contaminated with chlorinated solvents, and was the technology of choice for this pilot
demonstration in the West Side Plume (alarge regional chlorinated solvent plume on the west side of
Moffett Field).

3.2 PHYSICAL SETUP AND OPERATION

Table3.1 showsthe schedul e of eventsleading to the completion of the demonstration. Thepilot barrier
was condructed at Moffett Field in April 1996. Preliminary monitoring of groundwater conditionsin and
around the Moffett Field permeabl e barrier was conducted in June 1996, about 6 weeks after installation,
to establish that the barrier wasfunctioning asdesigned. Theresultsof thispreliminary monitoring event
showed that the TCE and PCE concentrationsin the groundwater flowing through the barrier were being
significantly reduced.

Subsequent quarterly monitoring (five quarters) has enabled the eval uation of barrier performance under
seasona changesin contaminant and flow characteristics. Quarterly monitoring aso dlowed an estimation
of thelength of timeit takesthe barrier to reach steady-state performance. In addition, two tracer tests
and down-hole groundwater vel ocity measurementswere conducted. At the end of approximately 1.5
years, core samples of the reactive medium from the barrier and acore sample of the downgradient aquifer
were collected and anayzed to evaluate potentia precipitation and biofouling effects on the barrier and
aquifer media, respectively.

Table 3.2 shows the various participants involved in the demonstration. Battelle, under contract to
NFESC, prepared the performance monitoring plan for the demonstration, coordinated itsimplementation,



conducted the hydrogeol ogic and geochemica modeling, eval uated the monitoring and modeling results,
and prepared this demonstration  report. TetraTech EMI  (formerly PRC

10



Table 3.1. Demonstration Activities Schedule

Activity Date Completed
Site characterization December 1995
Bench-scale tests October 1995
Groundwater modeling reports December 1995/June 1996
Performance Monitoring Plan (draft) September 1996
Updated groundwater modeling report November 1996
Performance Monitoring Plan (final) July 1997
Pilot barrier construction April 1996
First quarterly monitoring event June 1996
Second quarterly monitoring event September 1996
Third quarterly monitoring event January 1997
Fourth quarterly monitoring event April 1997
Fifth quarterly monitoring event October 1997
First tracer test April 1997
Second tracer test August 1997
Iron cores collection December 1997
Draft Performance Evaluation Report June 1998
Final Performance Evaluation Report November 1998

Table 3.2. List of Project Participants

Funding for Demonstration

ESTCP

BRAC

NFESC
Evaluation of barrier performance

EFA West
Design and construction

Battelle

Performance eval uation plan
Field monitoring

Data evaluation, modeling
Report preparation

Tetra Tech EMI

Field monitoring
Subcontract laboratories
Analysis of iron cores
Precision Sampling Inc.
Drilling for iron cores

Tetra Tech EMI

Bench-scale tests

Barrier design

Oversee construction
EnviroMetal Technologies, Inc.
Design guidance

Slurry Systems Inc.
Construction subcontractor
Subcontract laboratories
Groundwater analysis

11




Environmental Management, Inc.), under contract to EFA West, conducted the bench-scale tests,
coordinated the design, supervised the construction of the pilot barrier, and conducted the sampling and
analysisfor the field effort outlined in the performance monitoring plan.

33 DEMONSTRATION SITE/FACILITY CHARACTERISTICS

This section describes the results of the site characterization conducted to determine the physical
characteristics of the aquifer underlying the pilot barrier site.

3.3.1 Description of Contaminant Plume

The permeable reactive barrier lies within aregiona groundwater plume of CVOCs. Cleanup and
contaminant identification activities have been underway at Moffett Field since 1987. Contaminants at
Moffett Field include waste oils, solvents, cleaners, and jet fuels. Among many possible sources of
contamination on the Ste are severa underground storage tanks, aboveground storagetanks, adry cleaning
facility, and sumps. CVOCs found in the vicinity of the barrier include TCE; PCE; cis-1,2-DCE;
1,1-DCE; 1,1-DCA; and other chlorinated hydrocarbons. TCE isthe most prevalent contaminant on the
ste. Nonchlorinated volatile organic compounds (V OCs), such as benzene, toluene, ethyl-benzene, and
xylene (BTEX) compounds, aremostly absent in thevicinity of the current barrier demonstration project.

The CVOC plumeexisssmainly inthe A aquifer (IT Corp., 1993). The plumeismore than 10,000 feet
long, about 5,000 feet wide, oriented north/northeast, and tapersto the north. TCE levelsreported by IT
Corp. (1992) exceeded 20 mg/L, and PCE levelswere about 0.5 mg/L inthe A aquifer. Thedistribution
of TCE in the West Side Plume is shown in Figure 3.1.

3.3.2 Site Geology

Sedimentsinthe Moffett Field areaareacomplex mixture of fluvid-aluvid clay, slt, sand, and gravel that
dopestoward San Francisco Bay inthe northeast (PRC, 1993, 1995; IT Corp. 1993). Thedepositsare
Holocene/Pleistocene in age and generally are associated with flood events. Sands and gravels form
interbraided channd structuresthat areincised into silt and clay deposits. These channelsare divided into
layered aquifersdesignated as A, B, and C aquifers. These aquifers extend morethan 200 feet below land
surface. Multiple channelsof sand and gravel have been ddineated a variouseevation intervalswithinthe
aquifer zones (PRC, 1995).

The major region of interest for this study is the near-surface A aquifer. Thiszoneisnot laterally
homogeneous due to the interbraided channel nature of the sediments. In the immediate vicinity of the
permeeble barrier, well logs, cone penetrometer tests, and geophysical |ogs were used to characterize sand
channdsand surroundinginterchannel deposits. Severd individua channeswere mappedinthe A aguifer
and the permeable barrier waslocated in one of these sand channels, roughly perpendicular to the length
of thechannd (seeFigures 3.2 and 3.3). Thereactive gate and thefunnel walls cover thewholewidth of
the channel and are keyed into low-permeability sediments east and west of the target channel. These
heterogendtiesarelikely to have asgnificant impact on groundwater flow through and around the barrier
wall.
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3.3.3 Site Hydrology
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Inthe vertical direction, the A aquifer can be further divided into two zones, A1 and A2, separated by a
dlty-clay zone called the AL/A2 confining layer (aquitard). The Al aquifer zoneisup to 20 feet thick and
isoverlain by aclayey surfacelayer of varying thicknesses. Wl logs and paeochannd maps suggest that
the confining layer underlying the A1 aquifer zoneisrdatively thin in some areas and discontinuous. The
Aland A2 aquifer zones areinter-connected in some areas. The A2 aquifer zoneis 0 to 20 feet thick and
extendsto 40 feet below mean sealevel (md). Although both A1 and A2 aquifer zones are contaminated,
the pilot-scale reactive barrier penetrates only the A1 zone.

Water levelsand pumping testsindicate that the A1 aguifer zone behaves asa semiconfined aquifer at this
gte. Inthevicinity of the permeable barrier location, the observed hydraulic gradient varies from 0.005
t00.009. Thisisalso arepresentativerangefor historic hydraulic gradient at thesite. Althoughthereare



somesmall-scaelocd variationsdueto heterogeneities, the overdl flow direction isroughly from south to
north toward the San Francisco Bay. AnIT Corp. (1993) report notes adight upward gradient from A2
to Alinthearea, suggesting that the A2 aquifer zoneis not fully confined. The connection between the
two aquifersisa so suggested by the presence of groundwater contamination in both the agquifers. Historic
water level information from the Steindicates that there isa strong correlation between the water levelsin
shallow aquifersandtherainfal. Thus, thegroundwater levelsareusudly thehighest during winter months
when most of the rainfall occurs and lowest during late summer.

Four pumping tests were conducted by 1T to determine the hydraulic properties of sedimentsinthe area
(IT Corp., 1993). Hydraulic conductivity (K) estimates from well testsrange from 13 to 461 feet/day in
the Al aquifer zoneand from 9to 576 feet/day inthe A2 aquifer zone. Thesetestsshow that thereisa
strong variability in the hydraulic conductivity at thesite. Porosity valuesfrom 23 samples (PRC, 1993)
ranged from 0.30 for sand and gravel to 0.45 for silty clay. Slug testsand pumping testsinthe AL/A2
confining layer showed K of 0.1 to 0.3 foot/day.

Aspart of thisdemonstration, an attempt was madeto improvethe K determination at thesite. Slug tests
were conducted in February 1997 within the reactive cell and in the aquifer wells (Battelle, 1997). The
testswithin the reactive cell wereinconclusive because recoverieswererapid and good time series profiles
of water levelswere unachievable dueto the high K of thegranular iron. Better resultswere obtained in
the dug tests conducted in the aquifer. K valuesranged from 0.04 foot/day to 633 feet/day and were
related to lithologic variations as expected from previous Ste characterizations. The higher K valueswere
observed inwellsthat arelocated in the sand channd that runsthrough the deeper regionsof the A1 aquifer
zone containing the pilot gate. The lower K vaueswere observed in wellslocated in theinterchannd sty
and clayey deposits that run through the location of the funnel walls.

A representative range of groundwater velocity in the A1 aquifer zone was calculated to be 0.2t0 5.0
feet/day. However, thetruerange of velocitiesis probably at thelower end of the representative range
when considered on asite-widescde. Based onthesite characterizationinformation, the groundwater flow
velocity inthe A1 aquifer zone varies depending on the hydraulic properties of the sedimentsin very
localized settings.

3.3.4 Moffett Field Barrier Design

A bench-scale study (PRC, 1995) was conducted to determine the most suitable iron source (batch tests)
and to determinethe CV OC degradation rate (column tests). Five batch testsindicated that theiron from
Peerless Metal Powders, Inc. had the greatest sustained efficiency for PCE and TCE degradation.
Consequently, iron from this source was used in the two column testsand field installation. A 50% by
welight iron-sand mixture was used in both columns. The column tests provided dataon haf-lives of TCE
(0.87t0 1.0 hr), PCE (0.29100.81 hr), cis-1,2-DCE (3.1 hr), vinyl chloride (4.7 hr), and 1,1-DCA (9.9
hr). However, asan additiona safety measure to ensurethat the required degradation was obtained, 100%
iron was used as the reactive medium in the field barrier.

In the design phase, based on factors such as the half-lives from the column tests, the estimated
groundwaeter vel ocity, and the expected influent Cv OC concentrations, aflowthrough thickness of 6 ft was
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determined for thereactive cdl inthe permeable barrier a the Moffett Fidd site. The design objectivewas
to reducethe CV OC concentrationsin thereactive cell effluent to below their respective MCL s or below
detection. The MCLsfor the CVOCsof interest are 5 mg/L (PCE and TCE), 70 mg/L (cis-1,2-DCE),
and 2 mg/L (vinyl chloride). 1,1-DCA isnot of regulatory concern at thissite and does not haveaMCL.

Figures 3.3 and 3.4 show the design dimensionsof the pilot funnd-and-gate systemingtaled in April 1996.
AsseeninFgure 3.3, the design attempted to | ocate the gate in the sand channel to capture the bulk of the
contaminant flow and thefunnel in theinterchannel depositstointercept more (but not al) of the plume.
Thedesigndid not requirethat the barrier bekeyed intherdatively thin A1/A2 aquitard to avoid breaching

Asphalt Parkmg Lot Surfaoe Non-Woven
* : e Geotextile Fabric
T=]
Lr} LD ”l Il Water
£ == = Level
—= ==r';i',-'.. FRTTELE f —
=[N EEEEEETas Foi ==l -
“ IEIE ek SARRAAAAE 1t T
_|_|% P T e S N E ”INatwell
IEE 38 SRR YR dob -l
== o) Mol LAl T ||||| = ||I||
I|.: ....-f’//.—-"/.-f’//.v-"l.:m _____
—|||—|||— P AR 1'%, ||I—I|I =] Non-Woven
mﬂmﬂmm-l A i it “WMWHI_”I_ Geotextile Fabric
2 _ﬂ_ﬂ_ﬂ_f.r . e ' .'.' AT __L_
=== ===
—|||—||I—|||- |I— I—||I—||i-
' HES i Aqmtarcl
: MGFETG".T El:l3 COR

Elevation View

NOT TO SCALE

Figure 3.4. Permeable Reactive Barrier at Moffett Field (Elevation View)

it. Peagravel sectionswere added to the gate to better distribute the influent to and effluent from the
reactivecell. Figures 3.5 and 3.6 show the locationsand construction of the monitoring wellswithin the
gate and in the surrounding aquifer.

17



WE-S

'i“.lh'.:'ll:l
335802 Aquifer Witk42
q -C-E L] WIE—‘I‘I F'1l!i-3‘| FI%—C‘.\Z
I
I
335800 Pea Gravel 1G5
s WD (DL g 1 VW18 m_li]
1A WW-1{A-D)
A ; Depth
! ft b
aei g mC-4 1! ..A [ Dgs]
335798 N o ‘E
VWANLE ! A
I Zl=
= * WS a0 ‘; w4 3 g
= | . <
o j =
£ 335796 ; T cl@ AR|I8T
< Reactive Cell } ™%“” sl=
2 i & BE( 1186
= V- (A-D1) ' I
mc-8 : VAT (A.D)
! . CE —16.1
335794+ V-3 mC-3 1 W12
mC-2 : I . 1 DF- 195
ooy | Te
""T‘z- Ca I Inset Showing
335702 R R L1 T st b
o
’i:i? Pea Gravel
.WIE£ wic-7
-
335790 - Aquifer

! " . ¥ __ CORE BASEWMARCOR |
1548686 1548688 1548690 1548692 1548694 1545696
Easting (ft)*

Explanation

W \ertical corings
A Angled corings
e  Groundwater monitoring wells
- = = = Approximate azimuthal orientation of angled corings

* Easting and Morthing coordinates correspond to the California State Plane Coordinate System for zone 403.

Figure 3.5. Planar View of Coring Locations and Groundwater Monitoring Wells

18




335830

335820

& 335810

Northing (ft

335800

335790

335780

W%—ED
Wo-35 Explanation

& Single monitaring point screenad in A2

<> Single monitaring point screenad in A1

& d-well cluster outside reactive cell

WIC-3
=
WIC-4

Regional
Groundwater

Filow Directio

FIc-31
WIC-B—12+ r 4}F‘I':}SZ

Figure 3.6. Location Map for Monitoring Wells

19

Funnel Wall ' Funnel Wall
) Fl%ﬂ F'I-E;EG WIC-5-B 4 PI%H- F“l%ﬂ
PiC-30 "-‘Jg* '.'.I'Ig.-a PIC-29 Pic28
i i i i Nr\\!'m-:.| BASERRAD SR
1548670 1548680 1548690 1548700 1548710
Easting (ft)



3.3.5 Construction and Operation of the Moffett Field Barrier

Slurry Systems, Inc. was contracted by EFA West to construct the pilot barrier (see cover photo). A
backhoe was used to excavate the trench. Sheet pileswith sedablejointswereused to form thefunnel and
to holdthe sdesof theexcavation. Sheet pilesweretemporarily ingdled inthe gate asdividersto separate
the peagravel and iron sections. Theiron was obtained from PeerlessMeta Products, Inc. and wasin the
-810 +40 mesh particle-sizerange. After the excavated trench box was completed and the dividers had
been ingtdled, the monitoring wellsin the gate were suspended with aframe. Theiron and peagravel were
poured in their respective sections through a bag suspended on top of the gate. Theiron and peagravel
were poured around the standing wells and packed into place. A geosynthetic liner was placed on top and
backfill was added to make up the grade. The ground surface was then repaved for continued use asa
parking lot. Theaguifer wellsweredrilled with standard drilling equipment and completed with flush
mounts to maintain the parking lot grade. After construction was completed, the asphalt surface was
restored.

Standard precautionsfor building construction (hard hat and safety shoes) were used during construction
(modified Level D Site). Anorganic vapor anayzer (OVA) waskept on hand to screen excavated soil
and we| development water, but it did not show any hazardsthat would require specid persona protective
equipment.

3.4 PERFORMANCE EVALUATION OBJECTIVES AND THE ASSOCIATED
MONITORING STRATEGY

The performance objectives (in order of priority) for the technology demonstration were as follows:

1. Ensuring reactivity of thebarrier. Thisobjective seeksto ensurethat the portion of the CVOC
plume flowing through the barrier isbeing remediated. Remediation at this siteimplies reduction
of PCE, TCE, cis-1,2-DCE, and vinyl chloride concentrationsto bel ow their respective MCLSs.
The presence of byproducts of abiotic reduction, such as cis-1,2-DCE, vinyl chloride, ethene,
ethane, and methane in the reactive cell were evaluated as evidence of degradation. Half-lives (or
reactionrates) inthefield barrier were estimated for the target contaminants and compared tothe
half-lives obtained during bench-scale tests.

2. Assessing downgradient aquifer quality. Thisobjective seeksto ensurethat no environ-mentally
deleterious materials are being introduced through the barrier into the downgradient aquifer.
Potential materids of concern are dissolved iron (emanating from the reactive cell) and biologica
growth. Ironissubject to asecondary drinking water limit of 0.3mg/L. Biologica growth could
be stimulated by the anaerobic conditions created in the down-gradient aquifer by water flowing
through the strongly reducing ironcell. Chloride and pH were also measured in the reactive cell
effluent and downgradient aquifer.

3. Assessing hydraulic capture efficiency of the barrier. This objective seeksto assessthe efficiency
of groundwater capture. Isthefield barrier capturing the targeted portion of the groundwater in

the design? Thisindudesensuring that the volume of water flowing through the barrier isequivaent
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3.5

to that estimated in the design, aswell as ensuring that this volume of water is coming from the
targeted portion of the aquifer.

Evaluating longevity of the barrier. Preci pitates formed though the interaction between theiron
medium and the native inorganic condtituents (e.g., calcium, dissolved oxygen, and dkdinity) of the
groundwater may, over aperiod of time, deposit ontheiron surfacesin thereactive cell. Such
deposits could potentialy affect both the reactivity and hydraulic performance of the barrier. This
objective seeks to evaluate the type and degree of such precipitation and its impact on the
long-term performance of the barrier.

Edtimating cost of the barrier pplication. The capita costsfor the pilot barrier were noted during
congruction. Thecapitd and O&M cogsfor aproposed full-scale gpplication were estimated and
compared to the costs of an equivalent pump-and-treat system.

SAMPLING AND ANALYSIS PROCEDURES

The performance monitoring plan was designed such that sampling activitieswould correspond with each
of the study's objectives. The following sections summarize the sampling and analysis activities.

3.5.1

Monitoring Frequency

Table 3.3 summarizesthe sampling schedulefor all of the analytes. Water sampleswere collected on
gpproximately aquarterly basis (over five quarters) for chemicd analysis. During each sampling event, the
existingwellsin thereactive cell, peagravel, andin theimmediate vicinity of the aquifer were sampled.
Measurementsof field parameterswere usually performed within 1 week of sample collection sothat the
various kinds of measurements could be gathered within a short period of time.

Table 3.3. Monitoring Frequency

Sampling Schedule®
Parameter Jun- Sep- Jan- Apr- Oct-
Type Analytes 96 96 97 97 97
Field parameters Water level, pH, groundwater temperature, Eh, 0] U U 0] U
DO
Volatile organic CVOCs U U U U U
compounds
Dissolved gases (H2 CO2, methane, ethane, U U
ethene, acetylene, and propane)
Inorganics and Metals (K, Na, Ca, Mg, and Fe) 0] U U 0] U
neutral's Anions (NO3, SO4, Cl, Br, F, sulfide, akalinity)
Neutrals (TDS, TSS, TOC, DOC)
Water elevations Water level measurements (13 total events) 0] U U 0] U
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Sampling Schedule®

CorpigpaHseter Water level, pH, temperature, Eh U] U]
monitoige Analytes

Reactive cell core XRD, SEM, EDS, Raman spectroscopy, microbial U
samples analysis(b)

() Groundwater sampling for CVOC analysis conducted in April 1997 was repeated in July 1997 to enable the subcontract
analytical laboratory to achieve better detection limits. Iron core samples were collected in December 1997.

(b) In addition to the cores collected from the reactive cell, one core was collected from the downgradient aquifer for
microbia anaysis.

TDS = total dissolved solids DOC = dissolved organic carbon EDS = energy dispersive
spectroscopy

TSS = total suspended solids XRD = x-ray diffraction

TOC = total organic carbon SEM = scanning €l ectron microscopy

After thefifth quarter of water sampling, core samplesof theironinthereactive cell werecollected. A core
sample of soil from the downgradient aquifer was also collected to evaluate possible biological activity
resulting from the anaerobic conditions created by the barrier.

3.5.2 Groundwater Sampling and Analysis

Groundwater sampling providesessentia information onwater movement, organic contaminant levels, and
inorganic chemistry needed to understand and model the performance of the permeable barrier.
Groundwater sampleswere collected and prepared for laboratory chemicd andysis, field parameterswere
analyzed on site. Table 3.3 lists the parameters that were measured in the wellsin and around the
permeablebarrier. Samplesfor determination of CV OCs, inorganic anaytes, and field parameterswere
obtained fromal wellsin the permesble barrier and vicinity. Samplesfor determination of dissolved gases
and certain additional anayteswere obtained primarily from longer screened wellsto reduce thetota
volume of water removed from the short-screen wells.

3.5.2.1 Groundwater Sampling Procedures

The main chalengein collecting groundwater sampleswas to minimize theimpact of sampling on flow
through the permeable barrier. Water withdrawal during sampling can lead to faster flow and reduced
residencetime of groundwater in the reactive medium. To prevent artificia gradients, water sampleswere
extracted at low flowrates using an aboveground perigtaltic pump. Also, tominimize disruption of norma
flow through the barrier, successive sampleswere collected in different partsof thebarrier, rather than from
neighboring wells.

3.5.2.2 Groundwater Analysis Methods

Table 3.4 liststhe standard analytical methods used for the groundwater samples collected during the
quarterly sampling events. Individua parameters are grouped according to field measurements, organic
andytes, and inorganic andytes. Theprimary purposeof taking field parameter measurementsisto monitor
chemicd conditionswithin the reactive cdll that can affect its performance. Therefore, water temperature,
pH, Eh, and DO were measured at every well location. To obtain accurate readings, thefield parameters
were measured using suitable down-hole probes.
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The CVOCs of primary interest are the chlorinated hydrocarbons (EPA Method 8260) and light
hydrocarbons (EPA Method 3810), including hydrogen gas, carbon dioxide, methane, ethane, ethene,
acetylene, and propane. These CVOC anayses were performed to help identify the distribution of
contaminants in and around the permeable barrier, aswell as potential byproducts of degradation.
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Table 3.4. Analytical Requirements for Groundwater Samples

e

Sample
Analysis Sample Storage Holding
Parameter Critical Method Volume Container Preservation Time
Field Parameters
Water Level Yes Down-hole None None None None
pH Yes probe None None None None
Water Temperature Yes Down-hole None None None None
Eh Yes probe None None None None
DO No Down-hole None None None None
probe
Down-hole
probe
Down-hole
probe
Organic Analytes
CVOCs Yes EPA 8260 2x40mL VOA Via 4EC, pH<2 (HCI) 14d
Dissolved Gases No EPA 3810 2 x40 mL VOA Via 4EC, pH<2 (HCI) 14d
Inorganic
Analytes
Cations Yes EPA 200.7 100 mL Polyethylen Filter, 4EC, pH<2 180d
K, Na, Ca, Mg, Fe e (HNO,)
Anions Yes EPA 300.0 100 mL 4EC 7d
NO3, S04, Cl, Br, F Yes EPA 310.1 100 mL Polyethylen 4EC 14d
Alkalinity Yes EPA 9030 100 mL e 4EC 14d
Sulfide Polyethylen
Neutrals No EPA 160.2 100 mL e 4EC 7d
TDS No EPA 160.1 100 mL Polyethylen 4EC 7d
TSS No EPA 415.1 40 mL e 4EC, pH<2 (H,SO,) 7d
TOC No EPA 415.1 40 mL 4EC, pH<2 (H,SO,) 7d
DOC Polyethylen
e
Polyethylen
e
Polyethylen
e
Polyethylen

3.5.3 Core Sample Collection Methods

As outlined in the performance monitoring plan, at the end of the monitoring period (approximately 20
monthsafter installation of the barrier), afew core sampleswere collected from within thereactive cell to
look for sgnsof iron encrustation, preci pitate formation, and microbia growth. These conditionshavethe
potentid to reduce the efficiency of the permeable barrier by restricting flow through the gate and reducing
resdencetimein thereactive cell. They also affect the longevity of the barrier and hence the operating
costs. Asshown in Figure 3.5, core sampleswere taken at several locations within the reactive cell to
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obtain adequate spatia information about possible changesinthegranular iron medium. A singlecorewas
taken from thedowngradient aquifer to evaluate microbia growthinthe portion of the aquifer influenced
by thereactivecdl. All coresweremaintained at low temperatures (4°C) under anaerobic conditions until
they were subsectioned (by depth) for analysis. Each subsection of the iron was homogenized and split

into smaller samplesin an anaerobic chamber to prepare for analysis.
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4.0 PERFORMANCE ASSESSMENT

The design/performance objectives of the pilot-scale barrier ingtdlation at Moffett Field were (@) to verify
that the groundwater effluent from thereactive cell met MCL s (or wasbelow detection levels) for thetarget
CVOC contaminants, and (b) to verify that the funnel-and-gate system was capturing groundwater flowing
acrossthe entirewidth of the sand channel and part of the width of the inter-channel deposits on either sde
of the sand channel.

4.1 DEGRADATION OF CONTAMINANTS IN THE GATE
4.1.1 Degradation of TCE, cis-1,2 DCE, PCE, and Vinyl Chloride

Concentrations of CVOCsfor the five monitoring events are presented in the full report (Battelle, 1998d).
Timetrendsinthe concentrations of TCE, and cis-1,2-DCE in the permegble barrier and nearby wellsover
five quarters are shown graphically for four representative wellsin Figures 4.1 and 4.2. These selected
wells lie aong the centerline through the gate in the general direction of groundwater flow.

Figure 4.1 showsthat TCE concentration increased steadily in theWIC-1 aguifer well from 1,180 mg/L
in June 1996 to 2,800 mg/L in October 1997. Consequently, TCE concentrationsin the upgradient pea
gravel well (WW-7C) showed an increasing trend from 570 to 1,000 mg/L. Concentrations of TCE are
somewhat lower in the peagravel than in the upgradient aquifer, which isthought to be duein part to
horizontd and verticd mixing of the heterogeneoudy didtributed contamination entering through theinfluent
groundweter. Another possibleexplanationisthat asmall amount of iron may have becomemixedintothe
peagravel during construction, resulting in limited degradation of the contaminants there.

In both the reactive cell wells (WW-4C and WW-9C) inFigure 4.1, TCE isbelow itsMCL (5mg/L) in
every quarter, except June 1996. WW-4C islocated approximately 2 feet into the reactive cell and
WW-9C islocated gpproximately 4 feet into thereactive cell. Therdatively higher TCE concentrations
in June 1996 are probably due to unsteady-state conditions within the reactive cell, which had just been
constructed 2 months earlier. Factorsleading to unsteady-state operation include adsorption-desorption
on the iron surfaces, residual contamination in the reactive cell from construction activities, and
contamination entering from the downgradient aquifer. 1t should be noted that the barrier was constructed
withinthe plumeboundaries. After theinitia sampling eventin June 1996, therewere no other occurrences
of such elevated TCE concentrationsin theiron zone. Furthermore, the fact that TCE is reduced below
detection in WW-4C indicates that more than sufficient resdence timeisavailable within the reactive cell
to degrade TCE well below its MCL.

Figure4.2illugtratesthe trend in cis-1,2-DCE over the performance monitoring period. Thisfigure shows
that cis-1,2-DCE concentrations have remained fairly constant at each of thewell locations during the
16-month period. It dso indicatesthat cis-1,2-DCE degrades more dowly than TCE, asthereisamuch
wider difference between concentrationsinthe two reactive cell wells (WW-4C and WW-9C) in Figure
4.2 thenisseenin Figure 4.1. However, cis-1,2-DCE concentrations are always below the MCL (70
mg/L) in WW-9C, which is further along the groundwater flow direction.
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Figure 4.1. Concentrations of TCE in Four Monitoring Wells During the
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Figure 4.2.  Concentrations of cis-1,2-DCE in Four Monitoring Wells During the
Performance Monitoring Period. (Concentrations qualified with a “U”
indicate that the analyte was undetected at the detection limit stated.)

28



Aswith TCE and cis-1,2-DCE, PCE wasreduced to well below its MCL (and below detection) inthe
reactive cdll effluent. Low levels (1 mg/L) of vinyl chloride were only detected in the first row of wells
(WW:-8) ingdethereactive cell, indicating that it is generated during the degradation of PCE, TCE, and
cis-1,2-DCE, but isitself reduced to below detection in the reactive cell effluent.

4.1.2 Degradation of Other CVOCs

The concentration of CFC-113 ranges from nondetectabl e to around 50 mg/L in most of the upgradient
Alaquifer zoneand peagravel wdls, and isbelow detection (2 mg/L) inthereectivecell wells. Thisresult
indicates completedestruction of CFC-113 inthereactive barrier. Similarly, 1,1-DCE is approximately
30to 40 mg/L in the upgradient agquifer and peagravel wellsand is below detection (0.5 mg/L) inthe
reactive cell. However, 1,1-DCA concentrations are 20 to 30 mg/L in the upgradient aquifer and pea
gravel wells and remain detectable (1 to 10 mg/L) in the downgradient portion of the reactive cell.
1,1-DCA ispossibly the most resistant compound to reductive dechlorination in the treatment zone.
However, 1,1-DCA hasno regulatory MCL and isnot perceived as an environmental concern at the site.

4.1.3 Degradation Rate Constants and Half-Lives

Thedechlorination efficiency of thebarrier can be characterized by estimating the reaction rate constants
and hdf-livesof the contaminantsin thefield system. Degradation rate constantswere calculated for the
TCE, cis-1,2-DCE, and 1,1-DCA as described below. Other compounds degraded too fast and rates
could not be estimated for them.

Rather than relying on concentration data from individua wells, which may be subject to local flow
anomalies and other uncertainties, average concentrations were estimated for five volume slices
perpendicular to the groundwater flow through the gate. Thevolume diceswerecreated by dividing the
gateinto five 2-foot-thick sections. Volumes 1 and 5 arethe upgradient and downgradient peagravel,
respectively. Volumes2 through 4 areinthereactivecell. Each volume sectionis10feet wide (sameas
the gate width) and extendsfrom 11 feet above md to 2 feet below md. Massesof contaminantswere
caculated using EarthVision™ software by summing (integrating) i sopleths (concentration ranges) over
each volume section. 1soplethswere chosen to provideabroad distribution of concentration contours.
Average concentrationsin each section were then calcul ated by dividing theintegrated massby thevolume.

Table 4.1 shows the calculated average concentration within each volume section. As expected,
concentrations declined from volume 1 to volume 5 in the direction of groundwater flow through the
reactive cell. Volume 5 data were ignored in the cal culations because CVOC concentrations start to
rebound inthe downgradient peagravel, wherewater from the downgradient (contaminated) aquifer is
drawnindueto the sharp permeability contrast and mixed with thetreated effluent from thereactive cell.
The downgradient aguifer iscontaminated because of pre-existing contamination (the barrier was placed
ing de the boundary of the plume) and due to contamination flowing around or, possibly, under the barrier.
Theelevated CVV OC concentrationsin the downgradient peagravel are not caused by breakthrough as
evidenced by thefact that CV OCswere below detection in the wellsthat are more than 2 ft dong the flow
direction in theiron.
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Table 4.1. Calculation of Average Contaminant Concentrations in Volumes

Average Concentration (ug/L) in Volume Number®
Monitoring Event Contaminant 1 2 3 4 5
January 1997 TCE 688 258 1.51(b) 1.51(b) 15.1(b)
cis-1,2-DCE 257 35.1 1.88 1.50(b) 2.63(b)
1,1-DCA 33 14.0 4.48 1.73 1.73(b)
October 1997 TCE 506 16.3 1.13(b) 1.19(b) 11.2(b)
cis-1,2-DCE 177 438 2.61 1.05(b) 1.49(b)
1,1-DCA 15.8 12.5 6.81 2.51 1.40(b)
(@) Volume 1 isat theinfluent end of the gate.
(b) Ignored in calculation of reaction rate constant (k), either because this average includes values below the

detection limit or because it includes contamination from the downgradient aquifer.

Resultsof therate constant and half-life calculationsaretabulated in Table 4.2. 1t can be seenthat higher
estimatesof groundwater flow velocity inthereective cell leadsto higher estimatesof k and lower estimates
of tY2. Table 4.2 also shows the half-lives estimated during bench-scale testing (PRC, 1995); the
bench-scaleresultswere adjusted for 100% granular iron used in thefield barrier asopposed to the 50:50
iron-sand mixture used in the bench tests (see footnote (b) in the table). 1t can be seen that for aflow
velocity between 0.2 and 0.5 foot/day, thereis generdly good agreement betweenthefield and bench-scae
half-lives.

42 DOWNGRADIENT WATER QUALITY

Dissolved iron concentrationsin thereactive cell and downgradient peagravel weregeneraly lessthan 0.02
mg/L, which isfar below the secondary drinking water standard of 0.3 mg/L. The pH of the groundwater
risesto 10, DO concentration declinesto lessthan 1 mg/L, and the Eh declinesto -600 mV in the reactive
cell. However, these parameters (pH, DO, and Eh) rapidly regressto their origina values as soon asthe
water leavesthereactive cdl. Infact, theregresson startsin the downgradient peagrave itsdlf, indicating
that thereismixing of treated water and untreated water from the aquifer in the downgradient peagravel.

Table 4.2. Results of Degradation Rate Calculations®

is-1,2-DCE =
Estimated Flow TCE o L1-DCA
Monitoring Event Velocity (feet/day) | k(hr") | t,(hr) | khr?") | t,(hr) | kr?) | t, (hr)

January 1997 0.2 0.66 1.1 0.32 2.1 0.12 6.0

0.5 1.6 0.42 0.81 0.86 0.29 2.4

1 3.3 0.21 1.6 0.43 0.58 1.2

2 6.6 0.11 3.2 0.21 12 0.60

October 1997 0.2 0.69 1.0 0.28 2.5 0.07 9.4

0.5 1.7 0.4 0.70 0.99 0.20 3.8

1 34 0.2 14 0.49 0.37 19

2 6.9 0.1 2.8 0.25 0.73 0.94

Bench-scale test 17 0.40 0.34 14 0.16 43
results®
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(a) Determination of rate constants (k) depends on groundwater flow velocity. Velocities and rate calculations for the
bolded amounts are consistent with bench-scale results in the last row of the table.
(b) Rate constants (k) and half-lives (t2) were calculated from bench-scale data (PRC, 1995). The rate constants
shown in this table were adjusted by a factor of 2.3 to account for the higher expected reactive surface area of
100% iron (as used in the pilot barrier) compared to the reactive surface area in the 50:50 mass mixture of iron
and sand used in the bench-scale column tests.

43 HYDRAULIC PERFORMANCE

The hydraulic evaluation of the Moffett Field permeable barrier consisted of avariety of measurements
using water levels, down-hole groundwater vel ocity probes, dug tests, and tracer tests. Based onthese
measurements, the following conclusions can be made:

The estimated capture zoneis about 30 ft wide, and encompasses the entire width of the sand channel and
part of the interchannel deposits on either side along the funnel walls. This estimate was based on the
estimated groundwater velocities, porosities, and dimensions of the barrier and aquifer.

. The estimated groundwater vel ocity rangethrough thereective cell isbetween 0.2to 2 ft/day. This
provides aresidencetime of at least 3 daysin the reactive cell, versus the design requirement of
2 days.

. The hydraulic performance of the barrier iswithin the design expectations.
4.4 GEOCHEMISTRY AND EVALUATION OF LONGEVITY

Table 4.3 summarizes the geochemical parameters measured in the vicinity of the permeable barrier.
Reductionsin the concentrations of calcium, magnesium, akalinity, and sulfate asthe groundwater passes
through the reactive cell indicate the formation of precipitates. Itisunclear however, how much of the
precipitate staysin the reactive cell and how much moves out by colloidd transport. Iron core samples
were collected after 18 months of operation and subjected to acid digestion and chemical analys's, x-ray
diffraction, Raman spectroscopy, and scanning electron microscopy. Thesetests showed the presence of
carbonate and sulfide deposits on the surfaces of theiron. Amorphousferric hydroxide and lepidocrocite
(FeOOH) were also noticed on some of the iron samples and indicate oxidation of the iron itself.
Formation of these deposits indicate that at some point in time, the reactivity and/or the hydraulic
performance of the iron will be adversaly affected. When that will occur is still unclear, and further
empirical evidence from laboratory and field studiesis required on thisissue.

45 COMPARISON TO TECHNOLOGY CLAIMS

In general, the performance of the pilot barrier at Moffett Field was ableto meet the claims made for the
technology.

4.6 OVERALL CONCLUSIONS

In generd, the barrier performance was within the expectations of the technology andthe design for this
ste. Although the precipitation caused by inorganic reactionsin the reactive cell isalong-term concern,
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there was no evidencethat the hydraulic performance of the barrier would be affected in the next severa
years. Itisunclear when the precipitation may cause the reactivity of theiron medium to decline, but there
were no signs during the 20-month period of the demonstration that such a decline had begun.
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Table 4.3. Moffett Field Inorganic Chemical Data (April 1997 Monitoring Event)®

Monitoring Alkalinit

Location Calcium | Magnesium | Sodium Iron y Chloride | Nitrate | Sulfate
Upgradient 134-158 50-64 30-38 <0.02 250-314 40-45 2-3 322-362
A1l Aquifer
Zone
Upgradient 163-177 64-73 32-35 <0.02-0.12 215-310 31-46 2-3 264-342
Pea Gravel
Reactive Cell 0.5-8 0.3-33 33-42 <0.02-0.04 14-90 38-43 <0.05 1-111
Downgradient 1-13 0.3-2 26-32 <0.02-0.3 12-19 37-42 <0.05 1-29
Pea Gravel
Downgradient 13-162 1-58 25-41 <0.02-0.03 18-270 40-45 2-3 19-347
Al Aquifer
Zone

(& All concentrations arein mg/L; alkalinity expressed as CaCOs;.
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5.0 COST ASSESSMENT

This section discusses the cost considerations involved in the application of the permeable barrier

technology.

5.1 SUMMARY OF TREATMENT COSTS FOR THE DEMONSTRATION

Thegroundwater trestment and monitoring costsincurred during thedemongrationareshownin Table5.1.
Only the costs associated with the treatment of the groundwater areincluded; costs associated with the
entire validation effort are not included. The cost of purchasing the iron medium ($39,375) and the
congtruction cost ($323,000) were based on actual vendor bids. The other costs were based on the best
avallableedtimates. Spoilsgenerated during trenching were reused at another site at M offett Field because

they were found to be mostly uncontaminated.

Table 5.1. Groundwater Treatment and Monitoring Costs for the Demonstration

Items Sub-Total ($) Total Cost ($)
Capital Investment
Site characterization 100,000
Bench-scale tests (4 batch tests, 2 column tests) 75,000
Engineering design, modeling, and planning 100,000
[ron medium 39,375
—75 tons @ $450/ton 33,750
—Transportation to site (75 tons @ $75/ton) 5,625
Construction of barrier (includes labor and materials) 323,000
—Site preparation/restoration 133,000
—Sheet pile funnel 60,000
—Trench gate (with backhoe) 100,000
—Monitoring wells within gate 30,000
Monitoring wellsin the aquifer vicinity (10 wells @ $1,500/well) 15,000
Disposal of trench spoils (as nonhazardous waste) 0
Total Capital Investment 652,375
0&M Cost
Maintenance (over the 20 months of operation) 0
Monitoring (five full events @ $30K each) 150,000
Total O&M Cost 150,000
Total Demonstration Cost 802,375

The primary advantage of the permeable barrier isimmediately apparent. Onceinstalled, thereare no
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O&M cogtsinvolved (other than monitoring), at least in thefirst few (or several) years of operation. At
somepoint intime, it isanticipated that therewill be maintenance cogts for regenerating or replacing theiron
reactive medium.

5.2 SCALE-UP RECOMMENDATIONS

The conclusonsfrom the Moffett Field demonstration (Section 4.3) and the performance observationsand
lessonslearned (Section 6.2) were used asthe basisfor examining the viability of afull-scae barrier for the
West Side Plume at Moffett Field. Unlike an aboveground treatment system, where scaling up involves
increasing the size of the equipment to handlelarger volumes of feed, an in-Situ trestment system hasto be
scaled up by taking into account the subsurface characteristics of the aquifer region that will be affected.
Thisis especialy trueif, as has been proposed at Moffett Field by site representatives, the probable
full-scale sysem will beingtalled at locations different from the location of the pilot barrier. The need for
adifferent location for the full-scal e system derives from differencesin the obj ectives of the pilot- and
full-scalereactive barriers. For the pilot system, it wasimportant to be within the plume so that the barrier
would haveimmediate access to the contaminants. Aside from that consideration, the location of the pilot
barrier was determined primarily by considerations of ease of access and maximization of benefitsfrom
limited resources. If, on the other hand, the objective of the full-scale system isto prevent the plume from
migrating any further, the barrier will have to be placed downgradient of the leading edge of the plume.

The Navy currently isnegotiating the areas of responsibility for cleanup of theregiona plume. Thiswill
have amajor effect on the actual placement of the permeable wall. Thewall locations chosenfor this
exercisearefor costing purposesonly. Onepossible scenario isschematicaly depictedin Figure5.1 and
isdiscussed further in the following subsections. Considerable study of the aboveground features of the
ste(buildings, roads, etc,), subsurfacefeatures (Utilities, exact location of sand channels, etc.), contaminant
distribution, and groundwater movement is required to select an optimal scenario.

5.2.1 Design of a Full-Scale Barrier at Moffett Field
The design methodology recommended for permeable barriers was illustrated in Figure 2.2. The
bench-scale column testing and geochemica eva uation conducted during the pilot barrier design should

be sufficient, and these two steps need not be repeated. But the remaining steps will have to be
implemented to design the full-scale application.
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Figure 5.1.  Configuration and Dimensions of Possible Full-Scale Barrier at Moffett Field

5.2.2 Cost Projections for Full-Scale Barrier at Moffett Field

One of the scenarios proposed by Site representativesis used here, with some modifications, for presenting
the scale-up guidance. Inthisscenario (Figure5.1), the full-scale permeable barrier for the West Side
plumeat Moffett Field would be constructed in two sections. One section, called the Site 9 Wall, would
be constructed just south of Building 88, and would capture and treat the highly concentrated portion of
the contamination moving through akey sand channd. The other section, called the Northern Wall, would
be constructed downgradient from the leading edge of the plume, and would control further migration of
theplume. Inadl the scenarios, abarrier that extends down to the baseof the A2 aguifer zoneisenvisoned.
The aquitard in some locations can be up to 65 feet deep, making this barrier degper than any full-scae
barrier ingtaled sofar. Thisdepth consideration increases the construction cost compared to other sites.
For example, a clamshell would probably be used instead of a backhoe to key the barrier into the
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65-foot-deep aguitard, thusincreasing the time and cost of construction. Conventiona trench gatesand
durry wall funnelshave been assumed for thisapplication in the absence of other commercialy available
"true-and-tested” techniques. At this time, most innovative methods (e.g., jetting) are still under
devel opment.

Table5.2 summarizesthe costs of thisfull-scalebarrier illustration. Detailsfor individua cost itemsand
were devel oped by NFESC based on preliminary projections by site representativesfor the application
(TetraTech EMI, personal communication). Technology licensing issues are being negotiated with ETI.

To obtain some perspective on the economic benefits of the permeable barrier, the total cost of the
permeable barrier was compared with the total cost of the pump-and-treat option. The cost of the
pump-and-treat system for the West Side plume was estimated by NFESC, based on projections made
in along-term action plan by site representatives (PRC, 1996). The pump-and-treat system is expected
to consist of 27 extraction wellsthat withdraw 166 gallons per minute (gpm) of water from near the edge
of the plume. Theextracted water would be treated with an air stripper and advanced oxidation system.
Table 5.3 summarizes the comparison of permeable barrier and pump-and-treat options based on the
present values (PV) of the estimated costs (thet is, the estimated costsin today's dollars). A red rate of
return of 5% was used in the ca culations as the discount rate. As seenin Table 5.3, the permesble barrier
requiresahigher initial capital investment. However, over time, the O& M savingskeep accruing and the
permeable barrier breaks even in approximately the sixth year, based on these calculations. O& M costs
arefactoredin annually and barrier maintenance cost isfactored in every 10 years; calculations of cost
savings (or additional costs) for the permeable barrier are showninthelast column. Inthesixth year, the
PV codt of the pump-and-treat system exceedsthat of the permeable barrier, indicating that the permeable
barrier is more cost-effective over the long term.

For a broader perspective on permeable barrier cost, Table 5.4 provides a summary of the barrier
congtruction costsreported at various Siteswherethistechnology hasbeenimplemented. Both pilot- and
full-scaesystemsarerepresentedinthetable. Thebarrier configuration, continuousreective barrier (CRB)
or funnel and gate (F& G), isalso provided in thetable. The 1,700-foot-long, full-scale Moffett Field
barrier, if built, would bethelongest oneso far. Atadepth of 65 feet, it would also bethe deepest barrier
built with commercially available, conventional excavation techniques.
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Table 5.2. Project Cost of a Full-Scale Permeable Barrier at Moffett Field

Items Sub-Total (§) | Total Cost ($)
Capital Costs:
Bench-scal e tests (4 batch tests, 2 column tests) 75,0000
Site characterization
—Site characterization (hydrogeol ogic/chemical) 100,000 117,820
—Other testing and welding 17,820
Engineering Design, Modeling 100,000
Site Preparation (Permitting, traffic control, storage, and administration) 115,258
Construction (labor and materials)
—Mobilization 39,693
—Trench installation 557,812
—Gates completion (six trench gates with 2,518 tones of iron mediumat $ 1,847,910 3,659,405
3
5 1,156,164
0 39,693
It 18,133
o}
n
)
—Funnel completion (slurry wall)
—Demobilization
-Surface restoration
Monitoring wells installation 46,000
Spoils disposal on-site (trench soils) 16,370©
Spoils disposal off-site (removed asphalt) 387,989
Site Restoration and Post-Construction Reports
—Site cleanup 6,032
—Removal of temporary utilities/facilities 81,021 122,053
—Post-construction submittals 35,000
Distributive costs (administrative, health & safety) 271,047
Total Capital Cost 4,910,942
O&M Costs:
Annual operations (monitoring cost incurred every year) 72,278
Maintenance (incurred every 10 years) 267,538

(@) Details of individua cost items are provided in Appendix G of the Technology Evaluation Report (Battelle, 1998d,

Table G-1).

(b) Bench-scale testing for the pilot permeable barrier should be sufficient for implementing the full-scale barrier.
However, the costs of additional bench-scale tests are included in this cost estimate, in the event they are needed.
() Assuming spoils will be disposed as non-hazardous material. At some sites with very high contamination, the spoils

could be considered hazardous, and their disposal would cost more.

(d) Distributive costs include the administrative costs that are not included in site preparation.
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such as health and safety during construction and project supervision.

(e) Maintenance costs are difficult to estimate because none of the barriers installed so far have required maintenance.
The estimates in this table are based on a rule of thumb suggested by ETI that maintenance required will be
equivalent to spending 25% of the iron medium cost every 10 years.
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Table 5.3. Total Cost Comparison of the Present Value (PV) Costs of the
Permeable Barrier and Pump-and-Treat Options at Moffett Field®

Pump & Cost Savings
Years of Permeable Treat for Permeable
Operation Item Barrier System Barrier
0 Capital Investment $49M $1.4M -$35M
Annual Annual O&M cost $72K $695 K $623 K
— Barrier maintenance cost every 10 years $268 K Not applicable -$268 K
6 PV of Capital and O& M costs $5.3M $5.6 M $0.2M
10 PV of Capital and O&M costs $5.9M $8.4M $25M
20 PV of Capital and O&M costs $6.9M $15M $8.4M
30 PV of Capital and O& M costs $7.9M $22M $14M
40 PV of Capital and O& M costs $89M $29M $20M
50 PV of Capital and O& M costs $9.8M $36 M $26 M
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Table 5.4. Cost of Permeable Reactive Barriers

Length of | Amount of Total
Type of Dimensions of each Funnel* Iron Used | Source of | Unit Costof | Total Costof | Constructio
PRB Site Barrier reactive section* (ft) (tons) Iron Iron ($/ton) Iron (8$) n Cost ($) Notes

Moffett F&G 10ftlong 20 75 Peerless 450 33,750 323,000 Includes

Field 6 ft thick monitoring wells
22 ft deep

Alameda F&G 10ftlong 40 70 Peerless 385 27,000 400,000 Construction cost
5 ft thick includes biosparge
20 ft deep system

Dover AFB F&G 4ftlong 60 40 Peerless 350 14,000 400,000 Includes

(2 gates) 4 ft thick monitoring wells

40 ft deep

Lowry F&G 10.75ft long 30 45 Master 700 31,500 75,000 —

AFB 5 ft thick Builder
17.5 ft bgs

Cape CRB 51.5 ft long (mandrel section) N/A Mandrel (98) Peerless Mandrel (571) | Mandrel (56K) 809K Includes

Canaverd 49 ft long (JAG section) JAG (83) JAG (892) JAG (74K) [Mandrel monitoring wells

Air Station 0.3 ft thick (252K)
45 ft deep JAG (233K)]

Watervliet CRB 205 & 83 ft long N/A 120 and 30 Connelly- N/A N/A 257,000 Design—$113,000

Arsena (2 sections) 2.5 ft thick GPM License-$17,000

9-11 & 7-10 ft deep

Seneca CRB 645 ft long N/A 222 N/A N/A N/A N/A —

Army 1 ft thick

Depot 8-10 ft deep

Denver F&G 40 ft long 1,040 241, 207, 77, Peerless N/A 400,000 1,000,000 Includes pea gravel

Federa (4 gates) 6,4,2, and 2 ft thick and 58

Center 23-32 ft deep

Elizabeth CRB 150 ft long N/A 450 N/A N/A 175,000 500,000 —

City 2 ft thick
24 ft deep

Kansas CRB 30ftlong N/A N/A Peerless N/A N/A N/A —

City Plant variable thickness, 6 ft max.

30 ft deep




Length of | Amount of Total
Type of Dimensions of each Funnel* Iron Used | Source of | Unit Costof | Total Costof | Constructio
PRB Site Barrier reactive section* (ft) (tons) Iron Iron ($/ton) Iron (8$) n Cost ($) Notes
Rocky Flats F&G Specid cells 230 50 Connelly 400 20,000 610,000 —

N/A = not available; F& G = funnel & gate; CRB = continuous reactive barrier; JAG = jet assisted grouting
* Thickness is measured along flow direction; depth of reactive section islisted as total depth below ground surface (bgs)
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6.0 IMPLEMENTATION ISSUES

Thissection examinesthelessons|earned from thisdemonstration and their implicationsfor full-scae
application at Moffett Field and other sites.

6.1 COST OBSERVATIONS

The demonstration resultsindicate that the cost of apermeablebarrier isclosely linked to the selected
design and congtruction method. Thefollowingissues should be considered to optimize barrier gpplication
costs:

. Conducting adequate site characterization and modeling to improve the design and lower capital
cost. Thegreater the certainty in the hydrogeol ogic parameter estimates, the better the capability
of reducing the dimensions and applying smaller safety factorsin the barrier design.

. Thereative cost of using a continuous reactive barrier versus afunnel-and-gate system should be
evaluated at every Ste based on Site characteristics and geotechnical considerations. More iron
isgeneraly required in continuous reactive barriers, in which iron is distributed aong the entire
width of the plume and istherefore used somewhat inefficiently compared to afunnel and gate.
However, with the cost of ironfalling to $350/ton over the last few years, the cost differential
between ingtaling acontinuousreactive barrier versusingalling an intervening durry wall or sheet
pilefunnel wallsmay befavorablefor the continuousreactive barriersat somesites. Continuous
reactive barriers may in many cases be asmpler and more cost-efficient design, with fewer
hydraulic performance concerns than a funnel-and-gate system.

. Different construction methods may be cost-effective for different Stes. A variety of congtruction
techniques should be considered. Innovative techniques, such as caisson installations and
continuous trenchers, offer potentia for monetary savings. The choice of durry wal versus sheet
pile for funnel walls should also be evaluated at every site.

. The monitoring network for the barrier should be discussed with regulators as early aspossiblein
the process. Indicationsfrom Moffett Fiedld and other Stesare that both the number of monitoring
points and the monitoring frequency requirements of the barrier arerelatively low, and can be
reduced further over the years.

. Researchisunderway for investigating acids or chelating agentsasflushing agentsto regeneratethe
reactivity and hydraulic properties of barriers after long-term exposure to groundwater. |If
successful, thisresearch holds the promise of lower maintenance costsin the future. Otherwise,
there is some uncertainty about eventual maintenance costs.

. The comparison of the barrier cost with the cost of other options, such as pump-and-tregt systems,

should becarefully evaluated. Intangible benefits, such asthe absence of aboveground structures
with the permeable barrier option, should be considered.
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6.2 PERFORMANCE OBSERVATIONS AND LESSONS LEARNED

TheMoffett Field demonstration provided severa key indicationsof the Steand technology factorsdriving
barrier performance. Itisimportant to take these factorsinto account when planning afull-scale permeable
barrier at Moffett Field or other sites.

Thefollowing factors drive the performance of the barrier and should be takeninto consideration during
design and implementation at this and other sites:

. Nature of the Aquitard. A competent aquitard isrequired so that the barrier can be properly
keyed in.
. Target Contaminants. Bench-scale testing was agood predictor of field performance for this

demonstration.

. Aquifer Heterogeneities. Heterogeneities may impact theflow system, which can bemodeled
during design on the basis of Ste characterization dataand 2-D or 3-D flow modd. At somesites,
such as Moffett Fidd, heterogeneities play akey rolein groundwater movement and contaminant
transport.

. Geotechnical Considerations. The presence of aboveground buildings and subsurface utilities
overlying the plumelimitsthe possiblelocations of the barrier. Inthe absence of subsurface utilities,
acontinuousreactive barrier may proveto be more cost-effective compared to afunnel-and-gate
system, athough the reactive medium may not be optimally used. A funnel-and-gate system may
be more suitable if there are intervening utilities at the desired location.

. Groundwater Velocity Estimation. Dueto the heterogeneous nature of the site and because of
the limitations of the measurement methods, the groundwater velocity for the Moffett Field
demondtration was estimated within ardatively widerange. Thismay continueto be achdlenge
at Moffett Field because of the nature of the site.

. Projections of Contaminant Concentrations Reaching the Barrier. The pilot barrier design
a Moffett Field was based on maximum concentrations of up to 3,000 pg/L of TCE and 600 pg/L
of cis-1,2-DCE that were present in the vicinity of the barrier at the time of the site
characterization. However, if the barrier is expected to be operationa over aperiod of 15 or 30
years, and the plume continues to develop during this period, the concentrations encountered at
the barrier could be much higher. It isimportant to ensure that there is a sufficient safety factor
incorporated in the design thickness of thereactive cell to account for theincreased concentrations.

. Role of the Pea Gravel. Inthe pilot barrier, the peagravel was hel pful in homogenizing the flow
and theinfluent contamination, providing awell-mixed location for monitoring influent and effluent
concentrations, and increasing the porosity and hydraulic conductivity of thegate. However, the
presence of the peagrave doestend to make the flow system more complex by introducing severd
sharp conductivity and porosity contrasts.
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. Monitoring Network. Themonitoring network need not be as extensive as the one used for the
demongtration. Based on the lessons|earned from this demonstration and the guidancein other
references (Gavaskar et d., 1998; ITRC, 1997), the monitoring network needstoinclude sufficient
wells to be able to evaluate possible breakthrough and plume bypass.

. Monitoring Frequency. Monitoring once ayear seems adequate based on the trends observed
during thisdemondration. Water levels and target contaminants may be monitored more frequently
in the first quarter or first year until the performance of the barrier is established.

. Geochemical Characteristics of the Site Groundwater. Ingeneral, steswith highDO or high
TDSin the groundwater are likely to exhibit a higher potential for precipitate formation.

6.3 REGULATORY ISSUES

The predominance of groundwater contamination and the lack of methodsto treat the contaminationin an
effective and economical manner is a problem of great concern to the U.S. EPA and the regulated
community. Theregulatorsare especialy concerned about theissue of chlorinated solvent contamination
in groundwater and its potentia for persisting for hundreds of years despite efforts to pump and treet it.
TheU.S. EPA hasidentified six abiotic technologiesthat are emerging as possible cleanup remediesfor
recalcitrant sites (U.S. EPA, 1995). Treatment walls or permeable barrier technology is one of them.

Thelnterstate Technology and Regulatory Cooperation (I TRC) Working Group, agroup that includes
regulatorsfrom various statesinterested in certifying innovative technol ogies, has formed asubgroup to
review permeable barrier applications. Thissubgroup helditsfirst meetingin Philadel phiain September
1996. ThelTRC subgroup recently published aregulatory guidance for permesable barriers designed to
remediate chlorinated solvents (ITRC, 1997). Thel TRC updates can be obtained from their web Site at
http://www.sso.org/ecog/itrc.

Ingenerd, most regulators and Site managersare convineced about the contaminant degradation capabilities
of permeablereactive barriers. Given sufficient residencetime, the reactive medium does degrade target
contaminants to desired levels. This can be backed up with bench-scale column tests. Hydraulic
performance and longevity are the two issuesthat continue to generate some uncertainty. Flow (plume)
bypass around and above the barrier has been experienced at some sites (Denver Federa Center and
Somersworth Stes), at least under transient conditions. Although adequate Site characterization and agood
design can minimizethe potentid for such occurrences, some uncertainty remans. Therearedso limitations
based on the amount sitesare willing to spend to characterize subsurface complexities. On the other hand,
thereisagrowing redlization that pump-and-treat systems have limitationstoo, and are likely to cost more
in the long term at many sites.
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APPENDIX A

Points of Contact

Name Address Phone

Naval Facilities Engineering Service Center Ph. (805) 982-4991
1100 23rd Avenue
Port Hueneme, CA 93043

Charles Reeter

U.S. Navy, EFA West Ph. (650) 244-2563
Stephen Chao 900 Commaodore Drive
San Bruno, CA 94066

Battelle Ph. (614) 424-3403
Arun Gavaskar 505 King Avenue
Columbus, OH 43201
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ESTCP Program Office
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(703) 696-2117 (Phone)
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